binding sites to the tubular epithelium of the caput epididymis and the lumen of the cauda and vas deferens suggested that FKBP is released in the male reproductive tract. FKBP12 was purified from epididymal plasma by FK506 affinity chromatography. Radiolabeled FKBP12 specifically bound to immature but not mature sperm. In sperm motility studies, FKBP12-treated caput sperm exhibited double the curvilinear velocity of untreated controls. Conclusions: High levels of FKBP12 are released in the male reproductive tract and specifically associate with maturing sperm. Recombinant FKBP12 enhances the curvilinear velocity of immature sperm, suggesting a role for FKBP12 in motility initiation. The highest concentrations of soluble FKBP12 in the male reproductive tract occur in the lumen of the vas deferens, a site of sperm storage and the conduit for ejaculated sperm. Preservation of mammalian sperm for reproductive technologies may be optimized by supplementing incubation or storage media with FKBP12.
Introduction
The immunophilins are proteins that serve as receptors for the principal immunosuppressant drugs cyclosporin A, FK506, and rapamycin (1, 2) . Cyclophilin was first identified as the protein receptor for cyclosporin A and was subsequently shown to have multiple isoforms of varied molecular weights (3) (4) (5) . The 12 kD FK506 binding protein (FKBP) was the first member of the FKBP family to be characterized (6) ; subsequently, FKBPs with molecular weights of 12.6 (7), 13 (8) , 25 (9) , 38 (9) , 52 (10) , and 65 (11) kD have been identified. The cyclophilin and FKBP immunophilins possess peptidyl-prolyl isomerase activity, which is believed to contribute to proper protein folding by interconverting the cis and trans isomers of peptidyl-prolyl bonds (12, 13) . Although immunophilin ligands inhibit rotamase activity, a different mechanism accounts for their immunosuppressive properties. The immunosuppressant actions of cyclosporin A and FK506 derive from inhibition of the calciumcalmodulin-activated phosphatase calcineurin by the drug-immunophilin complexes (14, 15) . As a result, the cytosolic calcineurin substrate and transcription factor Nuclear Factor of Activated T cells (NFAT) is not dephosphorylated upon T-cell activation and is thus unable to enter the nucleus and activate the transcription of interleukin 2 (16) . The immunosuppressant effects of rapamycin are mediated by the binding of the rapamycin-FKBP12 complex to the Rapamycin And FKBP12 Target (RAFT1) (17) , also names FRAP (18) and RAPT1 (19) . RAFT1 activates protein translation by phosphorylating p70S6 kinase (20) and 4EBP1 (20, 21) , two key rapamycinsensitive elements of the translation initiation signaling cascade.
Although first characterized in T cells, the immunophilins occur in a wide range of tissues with particularly high levels in the brain (22, 23) . Multiple neural roles of immunophilins and their ligands have been elucidated (24) . FKBP12 associates physiologically with two intracellular calcium channels, the ryanodine receptor (25) and the inositol 1,4,5 -trisphosphate (OP3) receptor (26) , and regulates their ability to flux calcium. FKBP13 has recently been shown to interact with a novel homologue of the erythrocyte nembrane cytoskeletal protein 4.1 named 4.1G, which is abundantly expressed in brain and throughout the body (27) . The binding of FK506 to FKBP12 augments the phosphorylation state of numerous neuronal proteins including nitric oxide synthase (28) and GAP 43 , a protein associated with neuronal process extension (25) . FK506 and synthetic derivatives augment neuronal outgrowth in PC12 cells and sensory ganglia (29, 30) and stimulate regrowth of damaged neurons with functional recovery in intact animals (30) (31) (32) (33) .
In (34) . Production bleeds were affinity purified by first passing the serum over affigel-10 (Biorad) columns containing pet 22b fusion protein lack-503 ing the FKBP12 insert. The flowthrough was then passed over an FKBP1 2 affigel-10 column. After extensive washing with 10 mM Tris, pH 7.5 and 10 mM Tris, pH 7.5/500 mM NaCl, the antibodies were eluted with 100 mM glycine, pH 2.5 and 100 mM triethylamine, pH 11.5 and dialyzed against phosphate-buffered saline (PBS) and then PBS/40% glycerol for storage.
Western Analysis Rat tissues were homogenized in 2% SDS, 1% Triton X-100, 50 mM Trizma, pH 7.4, 100 mM NaCl, 1 mM EGTA, and protease inhibitors (4 ,ug/ml leupeptin, 2 ,ug/ml antipain, 2 ,ug/ml chymotrypsin, 2 ,tg/ml pepstatin, 1 FK506 Affinity Chromatography FK506 was chemically derivatized and coupled to affigel-10 (Biorad) as previously described (1). FK506 was a generous gift of Dr. Seiji Hashimoto, Exploratory Research Laboratories, Fujisawa Pharmaceutical Co., Tsukuba, Japan. To obtain epididymal fluid, the epididymis was removed from sexually mature male rats, the connective tissue was carefully dissected away, and the specimen rinsed and then immersed in PBS. Under a dissecting microscope, the epididymal tubules were pierced using a 27-gauge needle and sperm were allowed to diffuse freely from the tubules until the medium became turbid. The epididymis was then removed, the turbid fluid table-top centrifuged on high for 15 min at 4°C, and the supernatant (epididymal fluid) collected. The epididymal fluid was incubated at a concentration of 1 mg/ml with 100 ,ul of a 50% FK506 matrix slurry pre-equilibrated with 50 mM Trizma, pH 7.4, 100 mM NaCl, and 0.1 % Tx-100 and brought to a final volume of 500,l with this buffer. Specific binding to the matrix was assessed by additionally adding 100 ,uM soluble FK506 to control samples. The final vehicle (ethanol) concentration in each tube was 2.0%. After rotating the samples for 2 hr at 4°C, the matrix was washed by incubating 3 X 20 min with 1 ml of 0.05% Tween/PBS at 4°C. The pelleted matrix was resuspended in PBS/protein load buffer, boiled for 2 min, eletrophoresed on 18% Trisglycine gels, and either silver stained or wet transferred to PVDF and subjected to anti-FKBP12 Western analysis as described above. were generated by first expressing a glutathione S-transferase (GST) FKBP12 fusion protein containing two upstream protein kinase A (PKA) consensus phosphorylation sites; the vector employed has been described previously (17) . Ten nanograms of purified GST-PKA-FKBP12 was mixed with 40 ) in a buffer containing 20 mM Hepes, pH 7.7, 100 mM NaCl, 12 mM MgCl2, and 1 mM dithiothreitol (DTT). After 1.5 hr at 37°C, the incubation mixture containing labeled fusion protein was dialyzed twice against 1 L of thrombin cleavage buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 2.5 mM CaCl2). The labeled fusion protein was cleaved by adding an equal volume of thrombin cleavage buffer containing 2 mg/ml thrombin and incubating at room temperature for 2 hr. The thrombin was inactivated by adding an equal volume of a stop solution consisting of 1 mM DTT, 1 mM PMSF, and 100 units/ml of antithrombin III. The specific activity of the probes was estimated at 1 x 105 cpm/pmol of the protein.
[32P]FKBP12 Binding to Sperm Caput and cauda sperm were obtained by piercing the caput and cauda epididymal tubules with a 27-gauge needle under a dissecting microscope. The sperm were allowed to diffuse freely from the tubules until the medium became turbid. The turbid fluid was collected and centrifuged at 600 X g in a clinical centrifuge, and the pelleted sperm were washed three times in room temperature PBS. The washed sperm (106/ml) were then incubated with [32pP]FKBP12 (20, [33P]FKBP12 Autoradiography Caput and cauda sperm were isolated from the epididymis as described above except that rat fertilization medium (RFM) (35) (27) demonstrated that the highest levels of FKBP12 in the body are found in whole brain (Fig. 1) (Fig. 2) . The caput (head) and cauda (tail) of the epididymis displayed strikingly different localizations of [3H]FK506 binding. In the caput, there was selective labeling of the principal cells that line the lumen of the tubules (Fig. 2A) . In the cauda, however, there was exclusive labeling of the luminal contents of the epididymal tubules (Fig. 2B) . In the vas deferens, there was intense labeling of the lumen, with lower levels observed in the lining epithelium; the layers of smooth muscle in the wall of the vas deferens were completely negative (Fig. 2C) . No labeling was observed in control sections that were treated with 1 ,uM unlabeled FK506 to block specific binding (data not shown).
The concentration of [3H]FK506 binding activity in the principal cells of the caput epithelium and the apparent transfer of activity to the lumen of the distal epididymis and vas deferens is a common pattern observed in the epididymis in association with caput epididymal secretion (37, 38) . Many epididymal proteins, such as sulfhydryl oxidase and glycosidases, are well known to be secreted by the caput epididymis and subsequently become associated with luminal sperm, influencing the sperm maturation process (39) (40) (41) (42) . This suggested that FKBP12 may be synthesized in the principal cells and then released into the epididymal tubules, where the protein becomes associated with luminal sperm. If this model is correct, FKBP12 should be present in the epididymal fluid.
Identification of FKBP12 in Epididymal Fluid and Interaction with Caput Sperm
To determine if FKBP12 is present in epididymal secretions, we isolated epididymal fluid from sexually mature male rats and passed it over an FK506 column (Fig. 3) . A 12 kD protein selectively bound to the FK506 matrix (Fig. 3, left  panel) . When the epididymal fluid was preincubated with soluble FK506, binding of the 12 kD protein to the matrix was completely abolished. Western blot analysis confirmed that the 12 kD protein was FKBP12 (Fig. 3, right panel (Fig. 5A) , no binding to cauda sperm was evident (Fig. 5C) Interestingly, a prominent increase in curvilinear velocity is naturally observed when sperm pass from the caput epididymis to the corpus or body of the epididymis (46, 47) . We found that treatment of the more mature corpus sperm with FKBP12 had no statistically significant effect on their motility parameters (Fig. 6, bottom panel) Sperm acquire the potential to swim and fertilize eggs during a maturation process that occurs as sperm move along the epididymis. The epididymis is well known to secrete multiple factors involved in modification of the lipid content, protein composition, and glycosylation state of the sperm plasma membrane (48) . The synthesis and secretion of several epididymal proteins have been shown to be androgen-dependent (49, 50) . After injecting mice with 35S-labeled methionine, more than 50% of labeled protein in the epididymis is found in the epididymal fluid; furthermore, levels of labeled, secreted protein are approximately two to four times higher in the caput than in the corpus or cauda of the epididymis (37 (4) . In addition, we have localized 1P3 receptors to the acrosome and proximal tail of mammalian sperm (52) . Interestingly, the levels of intracellular calcium are two to three times higher in caput sperm than in cauda sperm, anid this increased calcium concentration is believed to inhibit caput sperm motility (53 Dawson , Dr. Snyder, and the University also own Guilford stock, and the University stock is subject to certain restrictions under University policy. The terms of this arrangement are being managed by the University in accordance with its conflict-of-interest policies.
